We analyze Chandra observations of diffuse soft X-ray emission associated with a complete sample of 3CR radio galaxies at z < 0.3. In this paper we focus on the properties of the spectroscopic sub-classes of high excitation galaxies (HEGs) and broad line objects (BLOs). Among the 33 HEGs we detect extended (or possibly extended) emission in about 40% of the sources; the fraction is even higher (8/10) restricting the analysis to the objects with exposure times larger than 10 ks. In the 18 BLOs, extended emission is seen only in 2 objects; this lower detection rate can be ascribed to the presence of their bright X-ray nuclei that easily outshine any genuine diffuse emission. A very close correspondence between the soft X-ray and optical line morphology emerges. We also find that the ratio between [O III] and extended soft X-ray luminosity is confined within a factor of 2 around a median value of 5. Both results are similar to what is seen in Seyfert galaxies. We discuss different processes that could explain the soft X-ray emission and conclude that the photoionization of extended gas, coincident with the narrow line region, is the favored mechanism.
Introduction
Supermassive black holes (SMBHs) have a profound effect on the evolution of galaxies but the nature of the relationship between these two entities is still an open problem. This depends on how much of the released energy interacts with the surrounding matter and how this accretes onto the SMBHs. This feedback process can be explored through a multi-wavelength analysis of the emission observed in the circumnuclear regions. The vast collection of emission lines, ranging from the mm to the X-ray bands, reveal the presence of a complex multiphase medium surrounding the AGN. Of special interest for our purposes is the socalled Narrow Line Region (NLR) where optical emission lines with widths of several hundreds of km s −1 are produced. The NLR is just outside (or even within) the SMBHs sphere of influence and its physical and dynamical properties are strongly affected by the central engine. It exists at the interface between the active nucleus and the galaxy, and is thus a convenient laboratory in which to explore the energy exchange between the two. Moreover, the NLR is mostly free from the effects of obscuration Send offprint requests to: balmaverde@oato.inaf.it and it is resolved in most nearby AGN, allowing us to perform spatially resolved studies and morphological comparisons in different energy bands. Indeed, it offers a wide variety of diagnostic tools to probe the gas physical conditions.
The NLR and the processes that occur in it have been extensively studied in many bands. In this paper we focus our study on the properties of the circumnuclear emission seen in the Chandra soft X-ray images in the complete sub-sample of nearby (z < 0.3) 3CR radio galaxies with High Excitation (HEGs) or Broad (BLO) emission lines.
The first case reported in the literature of extended soft X-ray emission (below ∼2 keV) associated with an AGN is the Seyfert galaxy NGC4151 (Elvis et al. 1983 ) observed with Einstein. Since then, it has been recognized that a few bright, nearby Seyfert 2 galaxies are associated with soft X-ray emission extending over ∼1 kpc and matching very closely the morphology of the optical NLR (e.g., Elvis et al. 1990 ). This result was strengthened by later observations by the Einstein and ROSAT satellites (e.g., NGC 1068: Wilson et al. 1992 , NGC 2992 : Elvis et al. 1990 , NGC 2110 : Weaver et al. 1995 . This was not a totally unexpected result, because a hot medium Fig. 1 . Images in the soft X-ray band for the 16 sources classified as extended or possibly extended in Tab. 1 (plus the complex source 3C 321 and the "blobby" source 3C 277.3). The images are unbinned (the pixel size is 0.49 ′′ ) and we indicate the orientation of the radio axis. When extended emission is present, we superposed the region used for the spectral extraction.
in pressure equilibrium with the NLR is thought to be necessary to prevent the optical emitting line clouds from evaporating (Krolik & Vrtilek 1984) . In fact initially the preferred explanation of these extended soft X-ray regions was an outflow of hot, collisionally ionized gas, that confines the narrow-line clouds (Wilson et al. 1992 , Elvis et al. 1990 , Weaver et al. 1995 , although other emission mechanisms, such as scattering of nuclear light, could not be ruled out.
Recently, with the advent of a new generation of higher resolution and sensitivity X-ray telescopes, such as Chandra and XMM-Newton, more detailed comparison on sub-arcsec scales between the X-ray, optical, and radio emission has been possible. Chandra images at high resolution and XMM spectroscopic observations, combined with HST and VLA images, have been used to investigate a larger number of bright, nearby AGN, mostly Seyfert galaxies (e.g., NGC 2110 Evans et al. 2006) . Bianchi et al. 2006 studied a sample of 8 Seyferts and found extended soft X-ray emission co-spatial with the NLR for all of their sources. High resolution spectroscopic observations of the extended X-ray emitting regions performed with Chandra/HETGS, possible in a few cases (e.g. NGC 1068 Ogle et al. 2003 , NGC 4151 Wang et al. 2011 ) reveals that the soft X-ray part of the spectrum is dominated by emission lines mainly from He-and H-like K transitions of light metals similar to those observed in their nuclei (e.g. MRK 3: Sako et al. 2000 , Circinus: Sambruna et al. 2001a ). X-ray observations made with the Reflection Grating Spectrometers (RGS) onboard XMMNewton have lower resolution (15 ′′ ), thus encompassing both the nucleus and the soft X-ray extended region. The resulting spectra therefore represent intensity-weighted conditions over kpc scales, but they are consistent with an ensemble of several narrow emission lines (e.g. Kinkhabwala et al. 2002 , Guainazzi & Bianchi 2007 , NGC 5252: Dadina et al. 2010 ).
Nevertheless, although in Seyfert 2 galaxies the most probable explanation is that the gas is photoionized by the AGN, there is no general consensus about the dominant process that produces the soft X-ray extended emission in other classes of galaxies. In fact, a variety of different mechanisms could be considered, such as: a hot component of a multiphase interstellar medium, hot gas shocked and evacuated by an outflow or a jet, or an outflow of collisionally ionized gas escaping from the nucleus, driven by radiation, that interacts with the NLR clouds. In an outflow model, the NLR kinematics are dominated by radiation and/or wind pressure driving clouds outwards from the nucleus (Crenshaw et al. 2000) and indeed complex motions in the NLR are often inferred.
The literature on the X-ray properties of the NLR in radio galaxies is more limited than for Seyferts. At high energies (between 2 and 10 keV) radio galaxies show a compact nuclear component and, in some cases, collimated structures co-spatial with the radio emission. Only recently extended regions in soft X-rays, similar to that observed in Seyfert galaxies, have been discovered (e.g., in 3C 171: Hardcastle et al. 2010a , 3C 33: Torresi et al. 2009 , 3C 305: Massaro et al. 2009 and Hardcastle et al. 2012 , and PKS 1138 -262: Carilli et al. 2002 . In all cases the soft X-ray emitting regions are closely spatially related to the optical emission lines, similar to what is observed for radio quiet AGN. Also, analysis of the nuclei performed with high or medium resolution spectroscopic data reveals many emission lines in the soft band, as observed in the radio-quiet AGN (e.g. 3C 445: Sambruna et al. 2007 et Grandi et al. 2007 , 3C 33: Torresi et al. 2009 , 3C 234: Piconcelli et al. 2008 .
In this work we perform a complete analysis of the properties of X-ray emission in the soft band (0.5-2 keV) for 113 3CR radio galaxies at z < 0.3 (from Spinrad et al. 1985) . A Chandra snapshot survey has been recently completed to provide us with observations of all 3CR sources not already covered by other programs. Now we can take advantage of a complete database of high resolution X-ray observations. In this paper we focus on the extended circumnuclear emission of the galaxies classified as HEG and BLO. Our aim is to establish whether extended emission is present, and to explore the relationship with the overall multi-band properties of the galaxy.
The multi-wavelength data we will use are mainly from the ground based spectroscopic survey presented by Buttiglione et al. (2009 Buttiglione et al. ( , 2010 Buttiglione et al. ( , 2011 , leading to a classification into the three main classes: broad line objects (BLO), low and high excitation galaxies (LEG and HEG). Furthermore, emission line imaging surveys of the 3CR sources have been carried out using both ground-based telescopes (McCarthy et al. 1995; Baum et al. 1988 ) and the Hubble Space Telescope (Privon et al. 2008; Tremblay et al. 2009 ).
We adopted the following cosmological parameters:
, Ω Λ =0.73 (Spergel et al. 2003) .
The sample and the observations
The sample of 3CR radio galaxies at redshift z < 0.3 has been entirely observed by Chandra. In particular we consider the 113 3CR sources from Spinrad et al. (1985) with z < 0.3 (having only excluded 3C 231, aka M 82, a star burst galaxy and 3C 71, aka NGC 1068, a Seyfert galaxy). The sample includes a significant number of powerful classical edge-brightened FR II radio galaxies, as well as the more common (at low redshift) edge-darkened FR Is (Fanaroff & Riley 1974) . In this paper we focus on the 51 objects classified as HEGs or BLOs in Buttiglione et al. (2010 Buttiglione et al. ( , 2011 . We include these two classes in our study because their differences can be ascribed only to selective nuclear obscuration and they are likely to differ only by their orientation with respect to our line of sight (e.g., Antonucci 1993) . Indeed, although the HEGs and BLOs differ in the presence of the broad component of the permitted lines, the luminosities and ratios of the narrow emission lines are indistinguishable. We downloaded from the Chandra archive the observations for all HEG and BLO sources. The Chandra Obs. ID and exposure times for the 51 sources of our sample are listed in Tab. 1. Most of these data sets (31) were obtained as part of a two cycle snapshot proposal (PI Dan Harris, exposure time 8 ks per target).
We applied the standard reduction data procedure using the Chandra Interactive Analysis of Observations CIAO 4.3, with Chandra Calibration Database CALDB version 4.4.1. We set the observation specific bad pixel files and when necessary we filtered data to remove flares, then we generated a new level=2 event file, using the chandra repro reprocessing script. The standard grade, status, and good time filters were applied.
Imaging analysis
As the aim of this paper is the study of the extended soft Xray emission, we need a quantitative method to establish when such a structure is indeed present in addition to the nuclear point source. In order to define a source as "extended", we compare its surface brightness profile (SBP) with that of the theoretical Point Spread Function (PSF).
The Chandra Point Spread Function (PSF) depends on both the incident spectrum and on the source location. We produce the appropriate PSF utilizing Chandra PSF simulator (ChaRT) for each individual source. The input parameters of this software are the position of the observed source on the detector (the offaxis and the azimuthal angle), the exposure time, and the model spectrum. The model spectrum is obtained from a fit to the point source emission. The result of the simulation are a collection of rays that MARX projects onto the detector plane obtaining a pseudo-event file that can be directly compared with the observations.
We then obtain the SBP of each source by measuring the net counts in a series of equally spaced annuli centered on the nucleus, with a step of 1 pixel, and dividing by the respective areas. We normalize the PSF to match the observed SBP in the first 2 pixels and we look for an excess in the bins at larger radii. In the case of sources affected by pile-up the normalization is instead performed in an annulus of radius between 3 and 5 pixels. We consider a source as "extended" when we measure an excess of the SBP with respect to the PSF with a significance greater than 3σ. We instead classify a source as "possibly extended" when we derive an excess at a significance level between 2σ and 3σ. The objects that do not show any evidence of extended features, were classified as "non extended" objects or "non detected" if no emission is present at all.
However, the SBP method is not always well suited to capturing the presence of the faint, elongated structures we often see in our images. We therefore considered a second criterion. In order to emphasize the departure from circular symmetry of any extended emission we compare the counts in two rectangular boxes, one aligned with the axis of optical Narrow Line Region, NLR (or eventually along the radio axis) and the second box orthogonal to the first one. The central square formed by the intersection of the two boxes, which contains the nuclear source, is excluded from analysis. We consider as "extended" (or "possibly extended") the sources in which the difference between the counts in the two boxes have a significance larger than 3σ (or between 2 and 3σ). The reduced uncertainty, associated with the lower background and PSF contribution due to the smaller integration areas, corresponds to a higher number of objects with a positive detection of extended emission with this latter method.
This classification is reported in Table 1 . Soft X-ray images of the "extended" and "possibly extended " sources are shown in Fig. 1 .
The CIAO tool srcextent is commonly used to measure the size and the position angle (PA) of X-ray emission (see Tab. 1). However, this measurement is dominated by the structure of the nuclear source and it does not return satisfactory measurements for our sources because we are instead interested in the properties of the extended emission alone. We therefore measured the source extension and the PA inspecting the iso-counts contours. In Table 1 we also provide a short additional description of the soft X-ray morphology for a few cases of interest. Column description: (col. 1) 3CR name; (col. 2) redshift from Spinrad et al. (1985) ; ( Hes et al. (1996) 9. Prieto & Zhao (1997) 10. Hippelein et al. (1996) 11. Morganti et al. (1992) We report, as an example, the spectrum of 3C 403 in the extended regions fitted with three different models: power-law, Mekal, and Xstar, absorbed by a Galactic column density value. We add to the model an intrinsically absorbed power-law to reproduce the emission seen at higher energies (due to the leaking of the nuclear emission).
Flux measurements
We extract the spectrum of the "extended" and "possibly extended" sources shown in Fig. 1 . The spectral extraction region is formed by one or two rectangular boxes, whose position has been chosen based on the X-ray morphology, or, in a few cases, also the NLR morphology. To avoid nuclear contamination we position the inner boundary of the boxes at a distance of at least 1.
′′ 2 or 1. ′′ 5 from the nucleus, depending on its brightness. In 5 sources (namely 3C 171, 3C 305, 3C 403, 3C 433, and 3C 445 ) the number of counts in the soft band (between 51 and 134) are sufficient to perform a spectral analysis. We re-bin the spectra with at least 10 counts/bin and apply the Poissonian Cash statistic (except for 3C 171 and 3C 445, for which we re-bin the spectrum at 20 counts/bin and use the χ 2 statistic). We consider three models to fit the entire energy range: power-law, Mekal 1 , and Xstar (Bautista & Kallman 2001) . As discussed in more de-tail below, these models correspond to three different radiation mechanisms in which the soft X-ray emission can be ascribed to i) scattered nuclear X-ray light from free electrons, ii) hot gas that is collisionally ionized, and iii) photoionized gas clouds.
In addition to the dominant soft X-ray emission, we note the presence of a high energy bump (above 2-3 keV) in all sources for which spectral analysis was possible (except for 3C 305). As discussed below, this can be ascribed to the leaking of the nuclear emission due to the larger PSF extent at higher energies.
As an example, we show in Fig. 3 the spectrum of 3C 403 fitted with the 3 different models. In addition to the extended component, we added an intrinsically absorbed power law to reproduce the emission above 2 keV. Using simulated PSFs from ChaRT and MARX, we confirmed that although the absorbed nucleus in 3C 403 contributes only ∼ 0.3% of the extended flux in the 0.5-2 keV range, it can produce substantial leakage at higher energy. For this source, the predicted flux value in the extended region of the galaxy is consistent with the value of ∼ 2%, obtained from the spectral fit. The fit for the other 4 sources are given in the Appendix. The fit results are given in Table 2 and will be discussed in Section 7.
Apart from these five sources, the observed counts in the extended regions are not sufficient for a detailed spectral analysis. Nonetheless, as discussed below, a robust conversion between counts and fluxes can be still obtained.
We convert the measured counts into X-ray fluxes adopting the same models used above. For each model the normalization is set in order to match the model count rate to the observed one. We correct the observed fluxes of each source for the Galactic column density as given by Xspec and report them in Table 3 . For the power-law model we used as reference value for the photon index Γ = 1.7. For Mekal model we fixed the temperature at kT = 1 keV, the abundance at 0.5 of the solar value, the hydrogen density at 1 cm −3 . For the Xstar model, we generate a table with XSTAR2XSPEC that can be used in the model fitting data by Xspec. The electron gas density of the clouds is held constant to N e = 10 3 cm −3 and the temperature is fixed to T = 10 5 K. We choose as input configuration a simple photoionization model comprising a power-law continuum, f ν ∝ ν α (α = −0.7 fixed), that is photo-ionizing optically thick, solar abundance emitting clouds.
Different models do not produce relevant discrepancies on the resulting flux values: for a power-law, a collisional hot diffuse gas, or a photo-ionized gas, we obtain marginal flux differences usually within a ± 10% level (see Table 3 ).
We also explore how our choice of the model parameters affects the flux measurements. We choose an arbitrary source test (we verified that it is observed near the aim-point in ACIS/S; the result that we obtain can be extended to all the sources observed near this position on the detector). We calculated the model flux for different combinations of the varying parameters with respect to the reference value and we plot these ratios in Fig. 4 . For the power-law model we used as reference value for the photon index Γ = 1.7, and explored the range Γ = 1.4 − 2.0. For Mekal model we varied the temperature in the range kT = 0.1 − 2 keV. For the Xstar model, we varied two parameters: the ionization parameter 2 Log ξ = 0 − 4 and the cloud column density from 10 21 to 10 23 cm −2 . The results are graphically presented in Fig. 4 . With the only exception of a thermal model of very low temper-
, where L is the luminosity of the ionizing source [erg s
−1 ] integrated between 1 and 1000 Rydberg, n is the gas density [cm −3 ], and r is the distance of the ionizing source from the absorbing gas [cm].
Fig. 2.
Comparison of the observed SBP (black) with the PSF profile (red) for 4 representative examples. Top left: 3C 403, an "extended" object. Rebinning from 3 to 5 pixels we obtain an excess significant at 9.4 σ. Top right: 3C456, an "asymmetric" object. Rebinning from 5 to 9 pixels, we obtain an excess with a significance of 2.5 σ, but the difference of the counts considering two orthogonal boxes (one parallel to the radio axis, the second perpendicular to it) centered on the nucleus, is significant at 3.5 σ. Bottom left: 3C223, an "unresolved" object. Bottom right: the BLO 3C 219. The emission seen at large radii is well reproduced by the wings of the nuclear point source, with only a marginal (1.4 σ) excess, and no significant asymmetry is found comparing the two orthogonal boxes. We consider this object to be "unresolved". ature (kT = 0.1 keV) the various models differ from each other by less than ∼ 20 %.
The main uncertainties in the flux measurements are not related to the choice of the model type or model parameters, but from the (generally low) number of counts. Indeed, in 3 sources (3C 180, 3C 379.1, and 3C 452) the emission from the circumnuclear regions does not reach a 3σ significance. At this stage, we discard 3C 321 from any further analysis due to its complex structure, strongly contaminated by a nearby Seyfert galaxy (Evans et al. 2008) . Summarizing, this analysis allows us to measure the soft X-ray fluxes from the extra-nuclear regions in 14 3CR sources.
In which sources do we observe extended soft X-ray emission?
We find extended soft X-ray emission in 14 out of the 51 sources considered and for 5 of them we have performed both spectral and photometric analysis. By separating them in spectroscopic classes we have 9 extended (and 3 possibly extended) images among the 33 HEGs, with a detection fraction of ∼36%.
In the 18 BLOs, extended emission is seen only in 2 objects; the lower detection rate in BLOs with respect to HEG might be due to the presence of their bright X-ray nuclei, possibly outshining any genuine diffuse emission. We explore this interpretation, by testing whether the typical extended emission in HEGs would have been detected also in BLOs.
The count rates seen in the extended soft X-ray regions of HEGs is in the range ∼ 0.2 × 10 −3 − 2 × 10 −3 counts/s, with the only exception of 3C 305 where it reaches 2 × 10 −2 counts/s. The regions extend from ∼ 2 ′′ from the nucleus out to a radius of ∼ 5−10 ′′ . We then estimated the count rate produced by the PSF wings of the BLO in the same spatial regions which is typically between ∼ 4 × 10 −3 − 6 × 10 −3 counts/s. Therefore, an extended X-ray emission with a surface brightness similar to that seen in the HEG would be a factor between 2 and 30 with respect to that associated with the nuclear source. This implies that even in the presence of genuine soft X-ray extended emission in BLOs, similar to that observed in the HEGs, this would not be generally detected from the analysis of the surface brightness profiles nor would induce a significant asymmetry.
We then look for a relation between the soft X-ray extended emission and the radio properties, i.e., the size and the luminosity of the radio source. In Fig. 5 we plot the radio size and luminosity and we highlight the sources that show an extended soft X-ray emission. We find that the fraction of extended objects does not depend on either their size or radio-power. Similarly, no dependence on redshift is seen.
The stronger link is found, rather obviously, with the length of the Chandra observations. Indeed, considering only the exposures with t exp > 10 ks, we find that 75% (6 out of 8) of the HEGs show extended regions, against 13% (3/23) of the sources observed with t exp 10 ks. By including the possibly extended and the complex sources, the percentages increase to 80% and 26% for the two classes, respectively. Summarizing, we find that when a 3CR source fulfills two requirements, i.e., the absence of a bright nucleus and when long Chandra observations are available, a soft X-ray extended emission is normally observed implying that this is a general characteristic of radio galaxies. As shown in the next Section, however, Balmaverde et al.: Extended soft X-ray emission in 3CR radio galaxies Table 3 . Results for the 14 sources for which it was possible to carry out a spectral analysis. We mark with a star symbol the 5 sources with a sufficiently high number of counts for which we perform in addition a spectral fit. We converted the observed number counts in a flux value adopting three different models: a power-law, mekal, or Xstar, absorbed by the Galactic N H column density. We report the unabsorbed soft X-ray fluxes for all 3 models and the luminosity for the Xstar model in the soft X-ray band (0.5-2 keV). We also give the [O III] flux and luminosity in the same regions used for the extraction of the X-ray spectra.
Fig. 5.
Radio luminosity vs. radio size for the 3CR HEG and BLO sources. Circles are HEGs, squares are BLOs. We marked with a solid blue sign the sources with extended soft X-ray emission (for which we also show the galaxy's name) and with green symbols the partially extended sources.
the best predictor of the X-ray properties is represented by the morphology and the strength of the optical emission line region.
Comparison between X-ray and optical emission
As discussed in the Introduction, a connection between X-ray, radio, and optical emission lines has been found in several active nuclei, both radio-quiet and radio-loud. We now explore the possibility that this applies in general to a large sample of radio galaxies.
Optical emission-line images
We search in the literature for optical emission line images for the sources classified in the soft X-rays images as extended or possibly extended, according to Tab. Baum et al. 1988) . Only for 3C 456 we could not find any optical line image. In order to register the Chandra and optical images, we align the centroid of the hard X-ray emission with the peak of the optical emission line structure.
In Fig. 6 we superposed the X-ray contours onto the HST [O III] line images, while in Fig. 7 we present soft X-ray images with superposed ground based optical line contours. In Tab. 1 we report the main morphological parameters characterizing the sources in the different bands.
Relationship between X-ray, lines, and radio structures
Overall, we find a very strong correspondence between the morphology of the NLR and the soft X-ray emission. In most cases the two structures are closely co-spatial, an effect particularly clear when we focus on the objects classified as "extended". Despite the difficulties in defining the size of structures measured in images with widely different levels of resolution and sensitivity, we find an excellent match between the NLR and soft X-ray extension.
In Fig. 8 (left panel) we show the histogram of the difference between the direction of the extended emission in optical lines and soft X-ray; this offset can be measured reliably in 12 sources (see Table 1 ). A very strong alignment is found, with 10/12 sources aligned within 30
• . Only two sources show a high apparent offset between the NLR and the X-ray emission. In 3C 452 the NLR is very compact and its P.A. measurement is highly uncertain and in 3C 98 the X-rays are produced in a narrow structure, ∼ 13 ′′ long, well aligned with the Northern radio jet, while the NLR is offset by ∼30
• . In Fig. 8 (middle panel) we show instead the differences between the position angle of the radio emission and of the extended soft X-ray region. Although a clear preference toward small offsets is seen, the distribution is much broader than that of line versus X-ray. In this respect six objects are particularly notable (namely, 3C 33, 3C 379.1, 3C 403, 3C 433, 3C 445 and 3C 452) all showing a very well defined soft X-ray extended region which is misaligned by 30
• to 60
• from the radio axis, while they are all aligned within a few degrees with the NLR.
Finally, we consider the possibility of a connection between the host galaxy major axis and the soft X-ray emission (see Fig.  8, right panel) ; such a link can be envisaged as the result of X-ray emission associated with the host hot corona or with star forming regions. The distribution of their differences is essentially flat, arguing against a link between them.
Notes on individual sources
3C 33: in the soft X-ray band the nuclear structure is clearly extended, with the emission elongated along NE-SW axis. There is a remarkable spatial coincidence with the [O III] emission line region, as already noticed by Kraft et al. (2007) and Torresi et al. (2009) .
3C 98: the soft X-ray emission forms a ∼13 ′′ narrow structure well aligned with the Northern radio jet (Leahy et al. 1997) .
3C 171: the soft X-ray emission is clearly extended and aligned along the radio axis. This source has been studied in detail by Hardcastle et al. (2010a) .
3C 180: the biconical structure seen in optical line imaging does not have a clear X-ray counterpart in our short exposure time Chandra image. It just reveals a few counts aligned in the same general direction.
3C 234: the emission line region and the soft emission are both aligned with the radio axis. 3C 277.3: two blobs of X-ray emission are seen to the SW of the nucleus. They are cospatial with the two radio knots K1 and K2, associated with regions of line emission (van Breugel et al. 1985) that are also visible in optical and infrared HST images (Capetti et al. 2000; Madrid et al. 2006) . The same association between radio, X-ray, and emission line is seen North of the nucleus at the location of the Northern radio hot-spot.
3C 305: the soft X-ray emission extends beyond the radio one and it is cospatial with the optical emission line region (Massaro et al. 2009 ).
3C 321: this source has a companion galaxy, that also harbors an AGN (Evans et al. 2008) . The X-ray emission extends over a large region that includes both galaxies. Due to the com- Hansen et al. (1987) . 3C 445: the Chandra image is off-axis causing a PSF elongation along the north-west axis. Instead the extension of about 10 arcsec along P.A. ∼ 135
• is real and also visible in the V band ground based observation published in Heckman et al. (1986) (contour superposed). Fig. 8 . Histograms of the offset between the position angle (P.A.) of extended regions measured in soft X-ray, with respect to the narrow line region (left), the radio emission (middle), and the host galaxy's major axis (right). plexity of this source, it is not trivial to separate the extended emission associated with each individual active nucleus. 3C 379.1: the soft X-ray and the [O III] emissions are rather compact and cospatial, but not aligned with the radio axis.
3C 445: the Chandra image is off-axis (the aim-point was on the Northern hot-spot) and the PSF is elongated along the NorthWest axis. Instead, the extension of about 10 ′′ along P.A. of ∼ 135
• is real. A similar elongation is visible in the V band ground based image published in Heckman et al. (1986) . These authors claim that this region is a source of emission lines. This result is confirmed by our TNG spectroscopic observations (see Fig. 9 ) that were coincidentally obtained with the long-slit aligned with this feature and that shows emission line extending ∼ 8 ′′ from the nucleus.
A quantitative comparison of emission lines and soft
X-ray structures.
In order to quantitatively compare the optical line and the soft X-ray emission, we measure the [O III] flux in the available HST images using the same regions chosen for the X-ray spectral analysis drawn in Fig. 1 . Due to the difficulty to obtain an accurate flux calibration for the HST/WFPC2 ramp filter images (available for 3C 171, 3C 305, 3C 379.1, and 3C 452), we decided to use the information published by Buttiglione et al. (2009) obtained from the ground based TNG spectra. We derive a conversion factor between counts and fluxes by measuring the counts in the HST images in the same 2 ′′ ×2 ′′ nuclear extraction region used by Buttiglione et al. (2009) to measure the line fluxes (accurate to Fig. 9 . Left panels: rotated Chandra soft X-ray images for 3C 403 (top) and 3C 445 (bottom) with the superposed 2 ′′ wide slit used to obtain the spectra at the TNG shown in the right panels. The three emission lines are Hβ and the [0 III]λλ 4959,5007 doublet. Substantial line emission is produced along the direction of the soft X-ray emission. The sizes of the two emitting regions (in line and X-rays) are similar.
∼ 10%). The resolution of the HST images has been previously degraded, with a Gaussian smoothing, to match the resolution of each TNG observation. This scaling factor has been applied to the counts measured in the extra-nuclear regions to estimate line fluxes.
Two of the sources of our sample (namely, 3C 445 and 3C 403) were not observed with HST with the ramp filters. However, these objects were observed by Buttiglione et al. (2009) . In those observations the long slit was, by chance, oriented in the same direction as the PA of the X-ray extended emission. For these sources we extracted the X-ray spectrum in the same region covered by the 2 ′′ wide slit (see Fig. 9 ). We corrected all line fluxes for reddening due to the Galaxy using the extinction law of Cardelli et al. (1989) and the galactic E(B − V) value for each object as tabulated by Buttiglione et al. (2009) , taken from the NASA Extragalactic Database (NED).
In Tab For this same group of 9 sources, we estimated R([O III]/sX) also on the nucleus. We find values even more closely clustered, all falling within a factor of ∼1.3 from the median value of 2.4, a factor of ∼ 2 lower than in the extended regions.
Discussion

Origin of the soft X-ray emission
The presence of extended soft X-ray emission can be attributed to various mechanisms: -thermal emission from hot gas, collisionally ionized and/or compressed by a jet or an outflow; -nuclear X-ray emission scattered by an extended medium; -non thermal emission from i) synchrotron (or inverse Compton) radiation from the radio-jets and hot-spots or ii) inverse Compton scattering of low energy photons by the relativistic electrons in the radio lobes; -emission from gas photoionized by the nuclear source. In order to identify the emission process responsible for the X-ray emission, the most powerful tool is clearly a direct spectral fit. The model that better reproduces the observed spectrum not only identifies the radiation mechanism but also constraints the physical parameters of the emitting medium. With respect to previous studies based on individual sources we can now look for a common process that accounts for the X-ray spectra observed for this whole group of galaxies. For the 3CR sources considered here, in 5 cases it is possible to follow this approach (see Sect. 4 and Table 2 ).
Nonetheless, the results presented in Sect. 4 are not sufficient to securely identify the emission mechanism at work in these sources, mainly due to the low number of counts. There is not a unique model that proves to be superior in fitting every source, or, on the contrary, that does not provide a reasonable agreement with the data in all of them. However, some general trends can be seen.
We find that power-law models require rather high values of the spectral index, 2.5 < Γ < 3.9, while extremely low values of the abundance are highly favored for the thermal models and the best fit are often obtained with an effectively null metallicity. Our results are fully consistent with the analysis of 3C 171 by Hardcastle et al. (2010a) and of Bianchi et al. (2006) in their analysis of the extended X-ray emission from Seyfert 2 galaxies.
These findings cast doubts on the physical sensibleness of these models. Indeed in case of a power-law emission resulting from scattering of nuclear light from gas located in the extended regions, the spectral index is expected to be preserved and to be equal to that observed in the nucleus. The measured values of Γ in our sources are instead much larger than those usually observed in both radio-quiet and radio-loud AGN (e.g. Bianchi et al. 2009 ). High energy emission from the radio jets or hot spots can already be generally excluded on a morphological basis (since it requires a close cospatiality of X-ray and radio emission, not observed in these 5 sources) but also on the typical spectral index measured from objects in which this is clearly the dominant emission process (Harris & Krawczynski 2006) . Similarly, the location of the soft X-ray emission in our sources in concentrated within a few kpc from the nucleus and it does not originate from the large scale radio lobes as expected in the case of IC emission described above. Concerning the value of metallicity derived from the spectral fits, note that the metallicity of the interstellar medium in early-type galaxies is only slightly sub-solar (Fabbiano 1989; Humphrey & Buote 2006) . Furthermore, the optical narrow line regions that, as shown in Sect. 6.2, are co-spatial with the soft X-ray emission, usually have super solar metallicities (Storchi-Bergmann et al. 1996) .
In order to assess whether these models can still provide a good fit to the data with more realistic parameters, we forced them to be in a physically acceptable range, fixing (for the thermal model) µ = 0.5 solar and (for the power-law models) Γ = 1.7. For the two sources where we have a sufficient number of counts to use a χ 2 statistics we find that quality of the fits worsens significantly (see Tab. 2).
When considering the Xstar model, it generally provides a reasonably good fit to the data of all five sources. In 3C 171 Xstar corresponds to the smaller χ 2 value, and the better quality with respect to those obtained with Mekal and power-laws is strongly increased when we limit to models with values fixed to acceptable values, as explained above. In 3C 445 the preference for Xstar emerges only against the latter set of models. Unfortunately the parameter values obtained with the Xstar have large errors and thus we obtain only very limited information on the physical condition of the emitting gas. This is the same general result obtained from similar studies that can be found in the literature (e.g. Ogle et al. 2003) .
Nonetheless, in the light of the results of the somewhat limited spectral modeling possible with the available data, the favored mechanism to account for the extended soft X-ray regions appears to be emission from a photoionized plasma. Although no spectral analysis was possible for those sources with low count rates, the soft X-ray fluxes in their extended regions can still generally be estimated (as discussed in Section 6.2). The comparison of the soft X-ray and [O III] line fluxes, possible for 11 galaxies, shows a strong connection between the emission in the two bands, with all sources confined to within a factor ∼ 2 from the median value of 5.6. Interestingly, this same result is found considering their nuclear regions, see Table 2 , with an only slightly decreased median ratio of 2.4. Furthermore, the R([O III]/sX) ratios in the 3CR sources are in remarkable coincidence with those measured in the Seyfert 2 galaxies by Bianchi et al. (2006) that cover the range R([O III]/sX) = 2.8 -4.8 (with only one object with R([O III]/sX) = 11). The small range in the ratios between optical lines and soft X-ray emission and the similarity with those measured in their nuclear regions points to a common mechanism for the emission in these two bands over both the nuclear and the extended regions.
As already mentioned in the Introduction, the few X-ray spectroscopic studies for the nuclear regions of radio galaxies show that the dominant radiation mechanism is associated with the presence of photoionized gas. This same result is obtained from the studies of both the nuclear and extended regions in Seyfert galaxies. This indicates that, in presence of photoionized gas, a strong link between soft X-ray and optical emission lines fluxes arises naturally. This argues in favor of an interpretation in which the extended X-rays seen in the 3CR sources are also due to a collection of emission lines.
A further element in favor of a line origin for the soft X-ray emission is the close spatial connection with the optical lines. We found only one clear exception (3C 98) and a second complex case (3C 277.3) that we discussed in Section 6.3. In all other sources the available optical line images show a remarkable spatial coincidence with the morphology of the extended X-ray emission. Again, in Seyfert galaxies there is similar close spatial association between [O III] and X-ray morphology.
Summary and conclusions
We analyzed the diffuse soft X-ray emission (0.5-2 keV) of the 3CR radio galaxies at z< 0.3. Extended soft X-ray emission has been observed in Seyfert galaxies and also in a few radio galaxies, usually matching very well the morphology of the optical emission line region. In order to characterize and constrain the physical mechanism that produce the observed soft X-ray emission, we take advantage of this large and complete sample, now entirely observed by Chandra. We here focused on the properties of the spectroscopic sub-classes of high excitation galaxies and broad line objects.
We performed an imaging analysis, describing the morphology of the extended features and measuring their sizes and position angles. In the 33 HEGs we detected extended (or possibly extended) emission in about 40% of the sources; the fraction is even higher (8/10) restricting the analysis to the objects with exposure times larger than 10 ks.
In the 18 BLOs, extended emission is seen only in 2 objects; this lower detection rate can be ascribed to the presence of their bright X-ray nuclei that easily outshine any genuine diffuse emission.
The count rates seen in the extended soft X-ray regions of HEGs is in the range ∼ 0.2 × 10 −3 − 2 × 10 −3 counts/s, with the only exception of 3C 305 where it reaches 2 × 10 −2 counts/s. The regions extend from ∼ 2 ′′ from the nucleus out to a radius of usually ∼ 5 − 10 ′′ . We estimated that the count rate produced by the PSF wings of the BLO in the same spatial regions is typically between ∼ 4 × 10 −3 − 6 × 10 −3 counts/s. Therefore, an extended X-ray emission with a surface brightness similar to that seen in the HEG would be a factor between 2 and 30 with respect to that associated with the nuclear source. This implies that even in the presence of genuine soft X-ray extended emission in BLOs, similar to that observed in the HEGs, this would not be generally detected from the analysis of the surface brightness profiles nor would induce a significant asymmetry.
Thus, a soft X-ray extended emission is a general characteristic of radio galaxies. With respect to previous studies based on individual sources, we can here look for a common mechanism that can reproduce the properties of these galaxies, revealing a common process that accounts for the X-ray spectra observed.
We consider different scenarios: scattered nuclear light, emission from collisionally ionized plasma, non-thermal radiation, and emission from photoionized gas. Among these various possibilities we argue that the most plausible dominant process is AGN photoionization based on the following results:
-the first clue is the impressive morphological similarity between the optical NLR and the soft X-ray emission regions. The offsets between soft X-ray and optical lines axis are generally very small, 20
• . Instead the offsets distribution between soft X-ray, radio and optical galaxy axis are much broader.
-the fluxes of the [O III] optical line and of the soft X-ray emission in the extended regions are strongly correlated (with a scatter of less than a factor of 2), suggesting that they are produced by the same mechanism. Furthermore, the ratio of [O III]/soft X-ray fluxes is very similar to that observed in the nuclear regions of radio galaxies and in both the extended and nuclear regions of Seyfert galaxies. For these latter sources the origin of the soft X-ray emission from photoionized gas is well established.
-in 5 sources the counts in the soft band are sufficient to perform a spectral analysis. Although we are not able to securely identify the emission mechanism at work in these sources, a photoionized gas model (Xstar in Xspec) always provides an acceptable fit to the data. Unfortunately the resulting parameters values have large errors and provides us with only very limited information on the physical condition of the emitting gas. Nonetheless, the resulting values for the ionization parameter obtained in this framework are in the range logξ ∼ 2.5 − 5, consistent with the median value of ∼ 4.8 erg s −1 cm found by Tombesi et al. 2010 , exploring the properties of ultra fast outflows in a sample of broad-line radio galaxies. Given the large change in radius going from pc to kpc scale, this requires a strong decrease in the gas density to maintain an approximately constant ionization parameter, that can be obtained with a gas density decreasing roughly proportionally to r −2 . This is in line with the limited information of spatially resolved changes of ξ with radius (e.g. Bianchi et al. 2006) . In this scenario, the soft X-rays radiation arises from emission lines originating from tenuous, hot gas cospatial with the clouds producing the optical lines.
The weaknesses of the alternative scenarios are mainly due to the results of the limited spectral fitting we can perform with the available data. Indeed, in case of scattered nuclear radiation from free electrons we expect the spectral index of the incident power-law to be preserved; instead we obtained values much larger than those usually observed in AGN. Similarly, emission from hot gas reproduces the 5 available spectra only adopting an effectively null metallicity. However, the main strength of the photoionized gas scenario is that it naturally reproduces the close correspondence between optical lines and soft X-ray emission, both in terms of morphology and of relative intensity, being due to a common mechanism. In case of scattering or of emission from hot gas, a certain level of co-spatiality can be expected (see e.g. the correspondence between polarized/scattered light and optical lines in Seyfert galaxies, Capetti et al. 1995 Capetti et al. , 1996 Kishimoto et al. 2002) but the constant flux ratio with the optical lines appears to be rather contrived.
Finally, we remind that in one source (3C 98) the soft Xray emission forms a narrow structure well aligned with the jet, in a region devoid of any line emission, a clear evidence that we are observing the high energy counter-part of its radio emission; in another galaxy (3C 277.3) there are two blobs of Xray emission cospatial with two radio knots, which are however also associated with regions of line emission. These two sources warn us that our approach based on the assumption of a common emission mechanism in all radio galaxies might be oversimplified. For example, we note that the sources with a radio size smaller than ∼ 100 kpc have a slightly lower [O III]/soft X-ray ratio (R([O III]/sX)< 2.3), suggesting that the gas is in a higher state of ionization, with respect to the bigger sources (R([O III]/sX)>3). This suggests a possible role of the shocks produced by the interaction of the gas with the jets, particularly important in the smaller radio sources, in which the jet is still expanding through the denser regions of the interstellar medium (Best et al. 2000) . This strong interaction is witnessed also by the close alignment of radio, optical, and X-ray emission, and on their disturbed kinematics (Baum et al. 1992) . We report, as an example, the spectrum of 3C 171, 3C 305, 3C 433 and 3C 445 in the extended regions fitted with three different models: powerlaw, Mekal, and Xstar, absorbed by a Galactic column density value. We add to the model an intrinsically absorbed powerlaw, to reproduce the emission seen at higher energies (due to the leaking of the nuclear emission).
